Objective: To establish the risk factors and impact of reexploration for bleeding in a large modern cardiac surgical cohort.
Perspective
In this study, reexploration for bleeding was associated with a 3.5-fold increase in hospital mortality. Reexploration for bleeding performed after the day of operation had an even worse prognosis. These detrimental effects were additive to that of blood product transfusions. Reexploration for bleeding was associated with an unfavorable reversal of the observed/expected ratio for a given patient.
See Editorial Commentary page 936.
Heart operations often result in severe bleeding, and reexploration for bleeding remains a well-recognized complication of cardiac surgery, with a reported incidence ranging from 2% to 6%. [1] [2] [3] [4] [5] As such, previous studies have examined the relationship between transfusion and mortality after cardiac surgery, 6 as well as the impact of the timing of reexploration, 2, 4 with several groups promoting earlier reintervention. In this study, we examined the risk factors and impact of reexploration for bleeding in a modern, consecutive cohort of patients that encompassed all cardiac surgical procedures, while providing adjustments for baseline characteristics and risk.
We examined the correlates of reexploration for bleeding, and characterized its independent association with hospital outcomes and readmission, in a large consecutive cohort of patients who underwent cardiac surgery at a tertiary center. Our aim was to improve the understanding of reexploration for bleeding after cardiac surgery and to help surgeons, anesthesiologists, and intensive care specialists identify patients at risk for this complication, as well as possibly curtail some of its modifiable risk factors. Figure 1 depicts the study flow chart. A total of 16,793 consecutive patients underwent an index adult cardiac surgical procedure performed by 1 of 11 surgeons at the University of Ottawa Heart Institute, between July 2, 2002, and September 23, 2014. Postoperatively, patients were cared for in a closed dedicated cardiac surgical intensive care unit (ICU) staffed by intensive care-trained cardiac anesthesiologists, and when stable were transferred to a cardiac surgery ward, where they recovered until discharge.
METHODS

Patients and Definitions
Data were prospectively entered into 4 dedicated databases, which were cross-referenced and complemented with one another with regard to accurate classification of the index operation, the occurrence of reexploration for bleeding, and the patients' baseline characteristics, including risk score. Operative priority was determined prospectively; urgent priority was an index cardiac operation deemed necessary during the same hospital admission that led to diagnosis or the latest reevaluation. Emergency priority indicated an operation performed either immediately or within 24 hours of diagnosis or a change in the patient's condition. In Figure 1 , ''heart failure'' surgeries comprise heart transplantation, mechanical heart assistance/ventricular assist device, or other operations for cardiomyopathy, and ''others'' includes pericardiectomy, cardiac tumor resection, pulmonary thromboendarterectomy or embolectomy, and other noncategorized operations.
Surgery was performed with cardiopulmonary bypass (CPB) unless indicated otherwise; when applicable, the allocation of off-pump bypass surgery corresponded to the ''as-treated'' approach. For cardioplegia, crystalloid was used until June 2005, with blood cardioplegia used thereafter. An intraoperative intravenous tranexamic acid infusion protocol was used routinely unless contraindications, unusual circumstances, or personal (LV) grades 1, 2, 3, and 4 were defined as an ejection fraction of !50%, 35% to 49%, 20% to 34%, and <20%, respectively. The increase in serum creatinine was defined as the highest serum creatinine value measured during the index admission minus the preoperative creatinine value. New atrial fibrillation indicated atrial fibrillation that was not previously known and that was noted postoperatively, necessitating observation, treatment, or prolonged hospitalization. Mortality was defined as hospital mortality at any time before institutional discharge after the index operation. Readmission referred specifically to this occurrence at our center. Surgical site infections were monitored during hospitalization and after discharge by dedicated trained personnel and entered prospectively into a separate database linked to perioperative data.
Statistical Analysis
Continuous data are presented as a mean AE standard deviation, unless specified otherwise. Categorical variables are presented as number and percentage. Data were analyzed using Stata/IC versions 11 and 14 (StataCorp, College Station, Tex). Comparisons between the patients who did not undergo reexploration for bleeding and those did undergo reexploration for bleeding were performed using the unpaired t test or the Mann-Whitney U test for continuous variables. Categorical variables were compared using the c 2 test, with Yates correction where appropriate. Statistical significance was set at P <.05, and Bonferroni corrections were not applied.
As correlates of clinical outcomes (ie, reexploration for bleeding, mortality, morbidity, and length of stay), the following variables were simultaneously forced into logistic (for reexploration for bleeding, mortality, other morbidity, and readmission) or linear (for increases in serum creatinine and length of stay) regression models: age, sex, body surface area (BSA), preoperative atrial fibrillation, preoperative LV grade, preoperative serum creatinine, operative priority, redo status, type of operation, lowest hematocrit on CPB, durations of aortic cross-clamping and CPB, number of blood product units transfused, postoperative increase in serum creatinine, and new-onset atrial fibrillation. For an additional individual variable term to be incorporated into a given model, its multivariable P value had to be <.05, the cumulative c 2 (logistic) or F (linear) distribution value had to increase, and the model probability (<c 2 or <F) had to remain statistically significant. ICU and hospital lengths of stay were also analyzed by logarithmic transformation. The effect of timing of the first occurrence of reexploration for bleeding was examined using a dichotomous term (day of surgery vs a later date).
The Euroscore II was determined prospectively from 2011 onward, and completed retrospectively, using prospectively entered and regularly audited data elements, for patients who underwent surgery before 2011. Analyses by surgeons used the Euroscore II to determine each individual observed-to-expected (O/E) mortality ratio, and examined the multivariable association of each surgeon (A to K) on reexploration for bleeding and its impact on perioperative mortality.
Optimal cutoff values for the ability of lowest hematocrit value on CPB to predict reexploration for bleeding were determined, by means of receiver operating characteristics (ROC), as the closest point to the best point (specificity, 1; sensitivity, 1) on the ROC curve. All reported P values are 2-sided.
RESULTS
Patient Characteristics
The mean patient age was 65.9 AE 12.1 years (range, 15 to 99 years) at the time of surgery, and 11,991 of the patients (71.4%) were male. The mean Euroscore II was 4.2 AE 6.9% (range, 0.5% to 77.6%). Reexploration after the index procedure was performed in 710 patients (4.2%), in 661 (3.9%) for reexploration for bleeding. The first episode of reexploration for bleeding occurred on the operative day in 358 patients (54.2%), on the first postoperative day in 169 (25.6%), on the second postoperative day in 19 (2.9%), on postoperative days 3-7 in 47 patients (7.1%), during the second postoperative week in 47 (7.1%), and beyond the second postoperative week in 21 patients (3.2%). Thirteen patients (2.0% of those who underwent reexploration for bleeding) had more than one reexplorations for bleeding. Table 1 presents perioperative patient characteristics in the patients who did and did not undergo reexploration for bleeding. Reexploration for bleeding was more common in patients with lower BSA, poorer LV grade, redo operations, and emergency operations. The occurrence of reexploration for bleeding correlated both with cardiopulmonary bypass (CPB) and aortic cross-clamp durations.
Correlates of Reexploration for Bleeding
On multivariable analysis, independent correlates of reexploration for bleeding were low BSA, emergency status, redo status, tricuspid valve repair, operation for aortic dissection, on-pump versus off-pump coronary artery bypass grafting (CABG), durations of CPB and aortic cross-clamping, and lowest CPB hematocrit value ( Table 2 ). Comparison of ROC curves (not shown) revealed the best cutoff for lowest CPB hematocrit value as 27% (c-statistic, 0.614); however, specificity was increased in patients with a lowest CPB hematocrit of <24%, in whom the rate of reexploration was independently increased by two-thirds (odds ratio [OR], 1.7 AE 0.2; P <.001).
Reexploration for bleeding was not significantly predicted by age (OR, 1.008 AE 0.005 per year; P ¼ .10), LV grade (OR, 1.1 AE 0.1; P ¼ .10), preoperative atrial fibrillation (OR, 1.2 AE 0.2; P ¼ .30), serum creatinine level (OR, 1.0007 AE 0.0007 per mmol/L; P ¼ .30), or preoperative hematocrit (0.77 AE 0.33 per %; P ¼ .5).
Impact of Reexploration for Bleeding and Its Timing on Mortality
Perioperative mortality was 2.8% (458 of 16,132) in patients who did not undergo reexploration for bleeding and 12.0% (81 of 661) in those who underwent reexploration for bleeding, resulting in a reversal of the O/E mortality ratio in patients who underwent reexploration for bleeding ( Figure 2 and Table 3 ). In a multivariable model that incorporated significant risk factors for mortality and Euroscore II, reexploration for bleeding was independently associated with an OR of 3.4 AE 0.5 (P <.001) for perioperative death, which was additive to that of other mortality correlates, including the number of blood product units transfused ( Table 4) .
The timing of reexploration for bleeding was also significantly associated with mortality. Using the same multivariable model, reexploration for bleeding on the day of surgery was associated with an OR of 2.0 AE 0.4 (95% confidence interval [CI], 1.3 to 3.1; P <.001) for perioperative death, whereas reexploration for bleeding performed after the day of surgery had a 3-fold greater correlation with mortality (P <.001), with an OR of 6.4 AE 1.1 for perioperative death (95% CI, 4.7 to 8.9; P <.001).
Mortality was not independently associated with BSA (OR, 1.2 AE 0.4 per m 2 ; P ¼ .60), preoperative atrial fibrillation (OR, 1.3 AE 0.2; P ¼ .20), type of operation other than specified in Table 4 (ORs not shown), on-pump versus off-pump CABG (OR, 0.99 AE 1.02; P ¼ 1.0), or the development of new atrial fibrillation postoperatively (OR, 1.04 AE 0.2; P ¼ .80).
Mortality Impact of Reexploration for Bleeding: Analysis by Surgeon
The index operations were performed by 11 surgeons (identified as A to K), who had a Euroscore II O/E mortality ratio ranging between 0.31 and 1.11 over the study period, with an overall population O/E ratio of 0.76. Surgeons themselves had ORs ranging from 0.7 to 1.4 (P <.001) with regard to independently predicting the occurrence of reexploration for bleeding. Regardless of the surgeon, however, the occurrence of reexploration for bleeding was significantly correlated with mortality, and surgeon identity did not significantly alter this statistically significant OR of 3.4 for mortality.
Impact of Reexploration for Bleeding on
Postoperative Complications, Length of Stay, and Readmission Median length of stay in the ICU (by 2 days compared with patients who did not have reexploration for bleeding; P<.0001) and hospital (by 5 days; P<.0001) were markedly increased by reexploration for bleeding to an extent beyond any other predictor, including new postoperative atrial fibrillation (hospital length of stay increase by 2 days; P <.0001) ( Table 5 ). Reexploration for bleeding also was independently associated with ICU readmission, greater postoperative increase in serum creatinine, postoperative atrial fibrillation, and incidence of surgical site infection. On the other hand, reexploration for bleeding did not significantly increase the incidence of hospital readmission.
DISCUSSION
This study reports on, to our knowledge, the largest clinical series to date of patients characterized in terms of reexploration for bleeding after cardiac surgery. We found that reexploration for bleeding had an incidence of 3.9%, and the independent association of reexploration for bleeding with hospital mortality was approximately a 3.5-fold greater compared with no reexploration for bleeding. Important results from this study include the finding that reexploration for bleeding after the day of operation is associated with even worse prognosis, correlating with a 6.4-fold increase in the risk of death. In contrast to previous work, in the present study, the detrimental effect observed with reexploration for bleeding was additive to that of blood product transfusions. Furthermore, reexploration for bleeding was associated with an unfavorable reversal of the O/E ratio for a given patient and, when it occurred, its significant correlation with death was not affected by surgeon identity.
Reexploration for bleeding was associated with significantly prolonged length of stay, higher incidence of postoperative atrial fibrillation, greater increases in serum creatinine, more ICU readmissions, and more frequent wound infections. Conversely, reexploration for bleeding was not associated with an increased likelihood of hospital readmission, suggesting that its observed detrimental effects were acute and due to the event itself rather than to baseline patient characteristics.
Correlates of reexploration for bleeding were low BSA, emergency status, redo status, tricuspid valve repair, on-pump versus off-pump CABG, longer durations of CPB and aortic cross-clamping, and a lowest hematocrit value on CPB of <24%, which was independently associated with a 67% increase in the risk of reexploration for bleeding. On the other hand, reexploration for bleeding was not predicted by age, LV grade, preoperative atrial fibrillation, creatinine level, or preoperative hematocrit. Taken together, these results indicate that reexploration for bleeding is one of the most important areas of focus for decreasing mortality and morbidity in cardiac surgery, given that few, if any, other potentially preventable complications are associated with such high mortality and morbidity.
Reexploration for bleeding has been the subject of numerous publications in the cardiac surgery literature. Our findings reported herein confirm some previously reported associations, such as between reexploration for bleeding and BSA, 7 emergency status, renal insufficiency, ICU readmission, 8 and wound infection. [9] [10] [11] However, the independent mortality impact of reexploration for bleeding is controversial, 5, 6, 12 with several groups claiming that blood transfusions are the true culprit, 6 and that reexploration for bleeding, if performed early, may have a neutral or even favorable impact 2,13,14 and thus not increase mortality. 4 In the present large and inclusive series of consecutive, all-comer patients, we confirmed that the correlation of reexploration with mortality was additive to that of the number of blood units transfused, extended beyond Euroscore II predictions, and was independent of surgeon, and that the timing of reopening significantly modified the detrimental impact of reexploration for bleeding, with reexploration performed after the day of the index operation associated with a 3-fold greater risk of mortality compared with reexploration performed on the day of surgery. Interestingly, the independent OR for mortality associated with reexploration for bleeding in this study paralleled that reported by Binacari and colleagues, 1 who in a large meta-analysis of the impact of reexploration for bleeding in more than 500,000 patients, obtained a pooled relative risk of 4.3 (95% CI, 3.1 to 6.0), compared to the OR of 3.4 AE 0.5 in the present study.
Another new finding was that lowest hematocrit value during CPB was a correlate of reexploration for bleeding. In another series, Loor and colleagues 15 reported the adverse effects of low hematocrit during CPB, particularly when a value of <25% was combined with the need for blood transfusions. In the present study, a nadir hematocrit of <24% during CPB was independently correlated with subsequent reexploration for bleeding (OR, 1.7).
Clinical Implications
Nearly all cardiac surgical units are taking measures to avoid reexploration for bleeding after cardiac surgery, and this overarching goal has generated countless attempts at pharmacologic and procedural research of ways to decrease bleeding during and after cardiac surgery. Our present findings indicate that reexploration for bleeding remains prevalent and is one of the most lethal complication of cardiac surgery, and thus should be avoided at all costs. Potentially modifiable correlates may include maintaining a hematocrit of !24% or higher during CPB, favoring early (ie, day of surgery) over later reexploration, along with continued refinement of quality improvement programs and research into pharmacologic, technical, and biological adjuncts to minimize reexploration for bleeding after cardiac surgery. Notably, a recent randomized controlled trial comparing a restrictive and a liberal transfusion strategy revealed lower mortality and fewer adverse events with the liberal strategy, providing external credence to the CPB hematocrit threshold hypothesis uncovered in this study. 16 It is important to emphasize that the present study is observational and thus hypothesis-generating. For instance, it is possible that anemia on CPB may be related to dilutional coagulopathy or increased cardiac output, both of which are associated with increased propensity for bleeding. We cannot recommend targeted therapy to maintain a hematocrit of 24% during CPB based solely on the results of the present study.
Limitations
Because our data reflect routine clinical practice at only a single institution, this study carries the possibility of biases in patient, surgeon, or center selection, as well as in transfusion triggers. The use of multiple statistical tests increased the probability that associations might have been due to chance alone. Postdischarge deaths that may have occurred before the end of 30 days postsurgery were not included. We did not perform an economic analysis; however, Christensen and colleagues 17, 18 previously reported that the costs of excessive postoperative hemorrhage in cardiac surgery are substantial and correlate with a significant risk of postoperative complications and death. We did not evaluate the impact of perioperative temperature management. We also did not examine the effects of preoperative medications such as antiplatelet and antithrombotic agents, which are well known to increase the propensity for reexploration for bleeding and complications after cardiac surgery, [19] [20] [21] [22] but appear safe early after CABG 23 (except in the case of antithrombotic agents). 24 Importantly, we did not differentiate between surgical and coagulopathy bleeding, a distinction fraught with considerable overlap and error, although coagulopathy has been suggested to be associated with worse outcomes. 25, 26 Thus, our findings are associative and not causative, with no therapeutic proof suggesting, for instance, that avoid specific CPB hematocrit nadirs will affect reexploration for bleeding and mortality.
Throughout the study period, our unit generally followed some basic guidelines regarding the management of bleeding during and after cardiac surgery: continuation of aspirin up to the day of operation (unless contraindicated); discontinuation of clopidogrel 2 to 5 days before the operation (with the exception of emergency patients, those with a recent drug-eluting stent in a coronary artery that will not be grafted, and, increasingly since 2012, those with acute coronary syndrome); and attempts at full reversal of known coagulopathy intraoperatively and postoperatively (including the use of point-of-care testing since 2008 and factor concentrates as a last resort in complex or emergent cases). The following indications for reexploration for bleeding were generally applied: chest tube output !500 mL/hour, chest tube output !250 mL/hour for 4 hours, significant hemodynamic compromise that may relate to bleeding, and imaging evidence of a large clot (!4 cm), a large pericardial collection (!3 cm, particularly if circumferential), cardiac chamber compression, or large hemothorax.
CONCLUSIONS
Reexploration for bleeding is a non-infrequent, lethal, and potentially modifiable complication of cardiac surgery. It independently adds to other well known risk factors for mortality and morbidity, including the detrimental effects of blood transfusions. Reexploration for bleeding is associated with particularly lethal consequences if it occurs after the day of surgery, and its correlation with mortality, including a reversal of the O/E mortality ratio at our unit, appears to be independent of surgeon identity. Our data suggest that avoiding a nadir hematocrit of<24% during CPB could help preclude reexploration for bleeding, and may be particularly warranted in patients with other risk factors for reexploration for bleeding, such as those undergoing emergency or redo surgery, aortic dissection repair, or tricuspid valve repair or who have prolonged CPB duration. Finally, our present findings strongly justify continued quality improvement and research efforts by the cardiac surgical and anesthesia community to minimize the occurrence and negative impacts of reexploration for bleeding on patient outcomes.
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Perhaps more applicable to the patients that you and I see, a class IIb recommendation is for patients on cardiopulmonary bypass at risk for critical end organ ischemia and injury, transfusions to keep hemoglobin above 7, which corresponds to a hematocrit of 21, may be considered.
Dr Ruel, how do you reconcile your findings that a hematocrit threshold of 24% is more appropriate than what these guidelines recommend? Again, I'd like to thank you for an excellent, excellent project. Thank you.
Dr Ruel (Ottawa, Ontario, Canada). Chris, thank you. These are excellent questions, and I think they go straight to the essence of this study. Regarding your first question, you're absolutely right. The mortality and morbidity of reexploration are unlikely to be totally related to the act of reopening someone for bleeding, but also are effected by what has led to this reexploration. However, these 2 issues cannot completely be separated out in any form or fashion. What's important here is that the bleeding, the tamponade, and the reopening in many instances can be avoided. This should be the topic of further research, given that we know that that constellation of whatever surrounds reexploration for bleeding is lethal. Indeed, it may not be the reopening itself, but the reopening likely has an impact of its own as well.
Certainly what we've observed with regard to induction of atrial fibrillation, additional inflammation, and surgical wound infection may be related, at least in part, to the surgical act of reexploration for bleeding.
Regarding your second question about the association between hemodilution and reexploration for bleeding, I think that the answer might lie in coagulopathy. Some smaller antecedent reports have suggested that the mortality and morbidity of reopening for medically caused postoperative bleeding exceeds than that of reopening for a surgical etiology. Here a low hematocrit might be a correlate or even have a mechanistic role in identifying patients with a sole or extra element of coagulopathy.
To address your third question, with regard to modifying the guidelines, I would answer first with the wellknown adage that guidelines are like sausage: if we knew what goes in them, we wouldn't love them so much. Certainly, the hematocrit nadir and the transfusion thresholds are constantly being reevaluated. On March 12, 2016, the latest TITRe 2 study came out of the United Kingdom, showing (on careful reading) that patients who were exposed to a liberal transfusion scheme did better than those on a restrictive transfusion scheme. Patients transfused with 9 g/dL of hemoglobin did better than those transfused with 7.5 g/gL in terms of mortality and the composite outcome. And even from a cost effectiveness standpoint, the trial was completely neutral. In other words, if they saved money with regards to blood transfusion, they spent more because those patients on a restrictive transfusion strategy had more complications, and the system had to pay for them.
So I think the jury is still out on this issue of nadir hematocrit, and as you said, these are class II recommendations, which are still very malleable at this stage.
